N atural killer cells mediate cytotoxicity and IFN-␥ secretion against virus-infected and tumor cells through recognition of target cells by germline-encoded activating receptors. Although some act as primary receptors for target cell recognition, others act as coreceptors. NK cell receptors act in concert to promote cytotoxicity and cytokine secretion (1). One of the most extensively studied activating NK cell receptors is NKG2D, a cell surface glycoprotein expressed on human and mouse NK cells, ␦␥ and ␣␤ CD8 ϩ T lymphocytes (2, 3). Human NKG2D ligands (NKG2DL) 5 are the MHC class I chain-related genes A and B (MICA and MICB) and the GPI-bound cell surface molecules UL16-binding protein (ULBP)-1, -2, and -3 (3, 4). In mice, NKG2DLs comprise the retinoic acid early inducible gene (Rae)-1 family (a group of GPI-anchored, cell surface glycoproteins), the H60 molecule (an integral transmembrane protein), and the murine ULBP-like transcript 1 or MULT-1 (3, 4). Human NKG2D binds mouse NKG2DLs, and mouse NKG2D can recognize some human NKG2DLs, reflecting a selective advantage of preserving the NKG2D receptor in both species. Most NKG2DLs, in particular MICA, are almost absent in normal cells but up-regulated upon infection or neotransformation (2, 5-11).
N atural killer cells mediate cytotoxicity and IFN-␥ secretion against virus-infected and tumor cells through recognition of target cells by germline-encoded activating receptors. Although some act as primary receptors for target cell recognition, others act as coreceptors. NK cell receptors act in concert to promote cytotoxicity and cytokine secretion (1) . One of the most extensively studied activating NK cell receptors is NKG2D, a cell surface glycoprotein expressed on human and mouse NK cells, ␦␥ and ␣␤ CD8 ϩ T lymphocytes (2, 3) . Human NKG2D ligands (NKG2DL) 5 are the MHC class I chain-related genes A and B (MICA and MICB) and the GPI-bound cell surface molecules UL16-binding protein (ULBP)-1, -2, and -3 (3, 4) . In mice, NKG2DLs comprise the retinoic acid early inducible gene (Rae)-1 family (a group of GPI-anchored, cell surface glycoproteins), the H60 molecule (an integral transmembrane protein), and the murine ULBP-like transcript 1 or MULT-1 (3, 4) . Human NKG2D binds mouse NKG2DLs, and mouse NKG2D can recognize some human NKG2DLs, reflecting a selective advantage of preserving the NKG2D receptor in both species. Most NKG2DLs, in particular MICA, are almost absent in normal cells but up-regulated upon infection or neotransformation (2, (5) (6) (7) (8) (9) (10) (11) .
Current evidence indicates that the MICA-NKG2D system participates in immune surveillance against tumors (3, 4, 10, 12) . However, although tumors express NKG2DLs, they grow progressively in healthy individuals due to multiple tumor immune escape mechanisms (13) (14) (15) , some of which affect NKG2D-dependent functions (16) . Therefore, although expression of NKG2DLs on tumor cells plays a critical functional role in immune surveillance (17) (18) (19) (20) , secretion of the ectodomain of MICA dampens NK and T cell-mediated cytotoxicity due to 1 This work was funded by grants from Agencia Nacional de Promoción Científica y Tecnológica, Consejo Nacional de Investigaciones Científicas y Técnicas de Argentina, Universidad de Buenos Aires, and Fundación Antorchas (all to N.W.Z.). M.B. 
down-regulation of NKG2D on NK cells and CD8
ϩ T lymphocytes, whereas tumors that secrete MICA still express significant amounts of this NKG2DL on their cell surface (21, 22) . Also, soluble MICA drives the expansion of a population of CD4 ϩ NKG2D ϩ T cells with immunosuppressive properties in the blood of tumor-bearing patients (23) .
In this work, we investigated the occurrence of additional MICA-dependent tumor escape strategies. We found that many melanomas expressed low or undetectable levels of MICA on the cell surface but exhibited intracellular deposits of this NKG2DL, which conferred resistance to NK cell-mediated cytotoxicity. Transfectionmediated cell surface overexpression of MICA overturned this resistance and promoted in vitro cytotoxicity and IFN-␥ secretion by NK cells. More importantly, overexpression of MICA delayed tumor growth in vivo and promoted apoptosis of tumor cells. Analysis of the mechanisms involved in this immune escape strategy revealed retention of MICA in the endoplasmic reticulum (ER) of melanoma cells due to accumulation of immature forms of this polypeptide. In addition, MICA was retrotransported to the cytosol and degraded by the proteasome. Our results show that retention of immature forms of MICA in the ER represents a novel tumor escape strategy that prevents NK cell-mediated cytotoxicity.
Materials and Methods

Antibodies
The following mAbs were used: anti-ULBP-1, -2, and -3 and anti-TGF-␤ (R&D Systems); FITC-labeled anti-EEA1, anti-LAMP2, anti-GM130, and anti-calnexin (BD Biosciences); FITC-labeled isotype-matched negative control (IC; Southern Biotech); unlabeled anti-human NKG2D 1D11 and anti-mouse NKG2D (R&D Systems); IC and PE-labeled anti-CD49b (DX5; eBioscience); panreactive anti-HLA class I mAb W6/32 (purified from hybridoma culture supernatants) and anti-HLA-E mAb MEM-06 (EXBIO); anti-actin (Santa Cruz Biotechnology); anti-calnexin TO-5 mAb (kindly provided by Dr. Soldano Ferrone (Roswell Park Cancer Institute, Buffalo, NY); and anti-MICA/B mAb D7 (24) . This mAb reacts by flow cytometry (FC) with human epithelial and carcinoma cell lines. Antiasialo-GM1 Ab was from Wako. PE-labeled goat anti-mouse IgG (DAKO), FITC-labeled mouse anti-rat IgG2b mAb (Southern Biotech), or Cy3-labeled donkey anti-mouse IgG (Jackson Immunoresearch Laboratories) were used for indirect flow cytometries or confocal microscopies.
Cell lines
The following human melanoma cell lines were used: IIB-MEL-LES (25); IIB-MEL-IAN (25); IIB-MEL-J (26); SK-MEL-28 (American Type Culture Collection; ATCC); SK-MEL-24 (ATCC); M8 (provided by Dr. M. Pérez, Autoridad Regulatoria Nuclear, Buenos Aires, Argentina) (27) ; MEL-888 (provided by Dr. O. Podhajcer, Instituto Leloir, Buenos Aires, Argentina); A375N (a gift from Dr. E. Medrano, Baylor College of Medicine, Houston, TX) 28); CIO-MEL-001 and CIO-MEL-002. CIO-MEL-001 is a cell line established from a metastasis of a melanoma detected in a 33-year-old white woman who after entering a phase I clinical trial remained free of disease for Ͼ30 mo. CIO-MEL-002 is a cell line established from a primary melanoma of a 27-year-old white woman. This patient was treated with IFN-␣ but 29 mo later developed metastases and progressive disease, and died 39 mo after the initial diagnosis (M. Barrio et al., unpublished observation). Cells were cultured in 10% FBS (NatoCor, Cór-doba, Argentina) in DMEM (Sigma-Aldrich), supplemented with sodium pyruvate, glutamine, and antibiotics (all from Sigma-Aldrich).
Human melanoma samples
Tumor samples from six melanoma metastases were obtained following local institutional ethical committee guidelines by surgical excision from skin or lymph node (LN) metastases. Procedures were followed in accordance with the Declaration of Helsinki and after approval by the institutional review board. Informed consent was obtained from each patient. Samples were processed for routine histology and for preparation of cell suspensions. In this case, fat was removed with a scalpel; tumors were rinsed with fresh DMEM and cut into small pieces. For dermic metastases, a digestion for 2-16 h at 37°C with 50 -100 U/ml collagenase type I (Invitrogen Life Technologies) in complete DMEM was performed. Thereafter, tissue was disrupted by passages through a sterile metal mesh to obtain a cell suspension. Cells were centrifuged, resuspended, washed with fresh medium, counted, and frozen in liquid nitrogen.
Flow cytometry
Expression of NKG2DLs was analyzed by FC with specific mAbs and PE-labeled anti-mouse IgG (DAKO) in a FACSCalibur flow cytometer (BD Biosciences). In some experiments, the specific fluorescence index was calculated as the mean fluorescence produced by each mAb divided by the mean fluorescence produced by the IC mAb. In other experiments, the ABC parameter (number of Ab molecules bound per cell) was calculated calibrating the flow cytometer with Quantibrite particles (BD Biosciences). In some experiments, melanoma cells were cultured for 24 h with or without 50 nM proteasome inhibitor bortezomib (Velcade), and surface MICA expression was assessed by FC.
SDS-PAGE and Western blot
SDS-PAGE and Western blot were performed as described, using anti-MICA polyclonal Ab (6, 29) , the anti-calnexin mAb TO-5, or anti-actin Ab. Bound Abs were detected using HRP-labeled anti-rabbit or anti-mouse IgG (Bio-Rad) and chemiluminescence. No bands were observed in Western blots incubated with normal rabbit IgG. For experiments with endoH, MICA was detected with biotinylated anti-MICA Abs and HRP-labeled streptavidin (Southern Biotech).
NK cells
Human NK cells were isolated from blood of healthy donors using the RosetteSep NK cell enrichment kit (Stem Cell). Mouse NK cells were isolated from spleens of nude mice using the SpinSep mouse NK cell enrichment kit (Stem Cell).
Cytotoxicity
Five-hour standard 51 Cr release assays were performed using 5000 target melanoma cells/well and NK cells as effector cells. The percent of cytotoxicity was calculated as 100 ϫ [(cpm exp Ϫ cpm sp )/(cpm max Ϫ cpm sp )] (in which cpm max is maximum release, obtained from target cells lysed with 2% Triton X-100, cpm exp is release of the particular experimental condition, and cpm sp is the spontaneous release). In some experiments, cytotoxicity was performed in the presence of the blocking anti-NKG2D mAb 1D11 or an IC mAb at 10 g/ml.
Indirect immunofluorescence
Cells were fixed with 2% paraformaldehyde and incubated with 200 g/ml D7 or the IC mAbs for 30 min. Bound Ab were detected with Cy3-labeled donkey anti-mouse IgG. Slides were mounted with 1,4-diazabicyclo[2.2.2]octane and observed in a digital Eclipse E800 Nikon C1 confocal microscope. For immunofluorescence with permeabilization, cells were treated with 0.1% saponin for 10 min after fixing. Staining procedures were performed as described, but 0.1% saponin was included in the solutions. For colocalization experiments, fixed and permeabilized cells were incubated with the mAb D7 and Cy3-labeled donkey anti-mouse IgG, washed, and incubated with FITC-labeled anti-EEA1, anti-GM130, anti-LAMP2, or anti-calnexin mAbs. Paraffin-embedded sections were used for colocalization of MICA with calnexin in melanoma metastases.
Electronic microscopy
IIB-MEL-LES cells were fixed with 4% paraformaldehyde and 0.75% glutaraldehyde, harvested, washed, and dehydrated with ethanol. Cells were embedded in acrylic resin and benzoyl peroxide. Ultrathin sections were used for immunostaining with the mAb D7 and goat anti-mouse IgG conjugated to 10-nm-diameter colloidal gold particles (Sigma-Aldrich). Samples were counterlabeled with 1% uranyl acetate and Reynolds solution and observed in a C10 Zeiss Electron Microscope. Microphotographs were obtained on Kodak 4489 films. 
In vivo tumor challenge
Experiments with mice were performed with approval of the local ethical committee, and according to National Institutes of Health guidelines (Guide for Care and Use of Laboratory Animals). Groups of four to six female Swiss N:NIH(S)nu (nude) mice 6 -7 wk old were injected s.c. in the right flank with transfected cells (5 ϫ 10 6 cells). Tumor growth was measured every 2-3 days using a caliper. Tumor volume was calculated as (d 2 ϫ l)/2, where d and l are the minor and major diameters, respectively. Mice were sacrificed when tumors reached 2 cm 3 . Mice with tumor volume Ͻ0.5 cm 3 were considered tumor free. Tumors were recovered from sacrificed animals, and surface MICA expression was assessed. Also, spleen cell suspensions were frozen in liquid nitrogen and later processed for assessment of NKG2D expression on NK cells (DX5 ϩ cells) by FC. In other experiments, tumor-bearing mice were sacrificed at day 48, tumors were excised, frozen in liquid nitrogen, and used for assessment of apoptosis in vivo on 10-m-thick tumor cryosections by TUNEL using the ApopTag fluorescein in vivo apoptosis detection kit (Chemicon) and confocal microscopy. For NK cell depletion, mice received 20 g of the anti-asialo GM1 Ab per mouse on days Ϫ1, 7, 17, 31, and 42 by i.p. injection. Control mice received equivalent amounts of normal rabbit IgG the same days.
ELISA
A capture ELISA was developed to detect soluble MICA (sMICA) using the D7 mAb coated onto Maxisorp plates (NUNC) and recombinant sMICA as standard. For sMICA detection, culture supernatants were concentrated 50 times in Centricon tubes (Millipore). Captured MICA was detected using rabbit anti-MICA serum 621 (6), HRP-labeled goat antirabbit IgG, and o-phenylenediamine (Sigma-Aldrich).
Secretion of TGF-␤ or IFN-␥ was analyzed by capture ELISA, using a paired set of anti-TGF-␤ mAbs (R&D Systems) or anti-IFN-␥ mAbs (Pierce Chemical Co.) and peroxidase-labeled streptavidin (Pierce Chemical Co.). Acidified culture supernatants were used to detect bioactive TGF-␤. Standard curves were obtained using rTGF-␤ or rIFN-␥.
Sequencing of MICA
Total RNA from the melanoma cell lines was extracted using Trizol (Invitrogen Life Technologies), and MICA cDNA (obtained with the Advantage RT-for-PCR kit from Clontech) was sequenced as described (29) . Raw sequences were compared with published sequences using the CLUSTALW alignment program (www.ebi.ac.uk/clustalw/) and further inspected manually.
EndoH digestions
Twenty micrograms of proteins from melanoma cell lysates were digested with 1500 U of endoH (New England Biolabs) during 4 h at 37°C. MICA expression was thereafter analyzed by Western blot. Films were scanned and analyzed with the Scion Image analysis software (www.scioncorp. com). The mean intensity of each band was recorded and used for the calculation of the percentage of digested and undigested forms of MICA.
Cell fractionation
Cells were cultured for 24 h with or without 50 nM proteasome inhibitor bortezomib, and membrane and cytosolic fractions were obtained by mechanic disruption of cell suspensions in TBS with protease inhibitors, centrifugation at 1,000 ϫ g for 10 min, and ultracentrifugation (100,000 ϫ g for 60 min at 4°C). The supernatant (cytosolic fraction) was collected and stored; the pellet was resuspended in TBS supplemented with 1% CHAPS and protease inhibitors, ultracentrifuged at 100,000 ϫ g for 60 min at 4°C, and the resulting supernatant was collected and stored (membrane fraction). MICA expression was assessed by Western blot. Lack of cross-contamination between fractions was assessed by Western blot analysis of HLA class I using the HC10 mAb and heat shock protein 70 using the BRM-22 mAb (Sigma-Aldrich).
Protein concentration in each fraction was assessed by the Micro BCA method (Pierce Chemical Co.).
Statistical analyses of data
ANOVA with Dunnett's comparison test was used to compare cytotoxicity, IFN-␥ secretion, tumor growth, and NKG2D expression. An unpaired t test was used to compare the levels of endoH-digested MICA. The Pearson's test was used to analyze the correlation between two independent parameters (cytotoxicity, cell surface MICA, HLA class I, or MICA/HLA class I). Results are presented as mean Ϯ SD or SEM.
Results
Low cell surface expression of NKG2DLs on melanomas prevents NK cell-mediated cytotoxicity
We first investigated cell surface expression of NKG2DLs on 10 melanoma cell lines and the expression of MICA/B on 6 melanoma metastases from skin or LNs. As shown in Fig. 1A , 5 of 10 cell lines and 3 of 6 metastasis-derived cells did not express or expressed very low amounts of MICA/B on the cell surface. In one case (LEN), analysis of two metastases showed higher expression of MICA/B on LN-derived than on skin-derived melanoma cells. FC analysis of NKG2DLs confirmed these data and revealed that IIB-MEL-LES and A375N cells expressed the lowest amounts of MICA whereas IIB-MEL-IAN expressed the highest amount of this protein (Table I) . A wider phenotypic characterization of other NK cell receptor ligands revealed that expression of ULBPs-1, -2, and -3 was heterogeneous while all cell lines expressed high amounts of HLA class I molecules and diverse amounts of HLA-E (Table I) (Fig. 1B) , which was confirmed by immunofluorescence staining on cells that were positive (IIB-MEL-IAN and M8) or negative (IIB-MEL-LES and A375N) for cell surface MICA expression (Fig. 1C) . In one metastasis (MAN), we did not detect MICA expression. No correlation between cell surface expression of MICA and total amounts of MICA was observed, as judged by comparative analysis of flow cytometry and Western blots after normalization against ␤-actin (r ϭ 0.439; not shown). Interestingly, melanoma cell lines exhibited different susceptibility to NK cell-mediated cytotoxicity (Fig. 1D) which correlated with the ratio of total NKG2DL to HLA class I expression ( Fig. 1E ; r ϭ 0.709) but not with cell surface expression of MICA, NKG2DL, or HLA class I molecules. Remarkably, IIB-MEL-LES and A375N were resistant to NK cell-mediated cytotoxicity (Fig. 1D) , and lysis of M8 and IIB-MEL-IAN was partially dependent of NKG2D (Fig. 1F) . Thus, intracellular retention of MICA confers resistance to NKG2D-dependent NK cell mediated-cytotoxicity in vitro.
Restoration of cell surface MICA delays in vivo tumor growth and promotes NK cell-mediated tumor cell apoptosis
By transfection of IIB-MEL-LES cells with full-length MICA cDNA, we induced cell surface expression and generated three stably transfected clones ( Fig. 2A) that showed susceptibility to NK cell-mediated lysis (Fig. 2B ) and promoted IFN-␥ secretion (Fig. 2C) . Blockade with an anti-NKG2D mAb confirmed that overexpression of MICA was responsible for this susceptibility (Fig. 2D ) and enhanced IFN-␥ secretion (Fig. 2E) . Because the transfection did not modify the expression of UBLPs1-3 or HLA-E (not shown), we ruled out the possibility that the enhanced NK cell-mediated functions could be due to up-regulation of other NKG2DLs or of the ligand of CD94/NKG2C. All transfected clones exhibited similar growth in vitro (Fig. 2F) , indicating that MICA overexpression did not alter the intrinsic growth properties of melanoma cells.
To investigate the impact of these findings in tumor-immune escape in vivo, we challenged nude mice with MICA-or mocktransfected melanoma clones. Mice injected with mock-transfected cells (clone C) developed progressively growing tumors and terminal morbidity by 40 -45 days after challenge. Conversely, terminal morbidity was reached at days 63-73 for clone 1, at days 55-60 for clone 2, and at days 66 -75 for clone 3, and the differences in tumor growth were statistically significant (Fig.  3A) . All animals that received tumors overexpressing MICA remained tumor free at a time at which ϳ50% of control animals developed tumor (ϳday 50). Also, only 50% of mice that received clones overexpressing MICA developed tumors at a time at which 100% of control mice developed tumors (ϳday 67; Fig. 3B ). Remarkably, tumors recovered from the mice challenged with clones 1 to 3 stably conserved surface expression of MICA (Fig. 3C) . TUNEL assays on cryosections of tumors from mice challenged with melanoma cells overexpressing MICA sacrificed at day 48 showed extensive tumor cell apoptosis (Fig. 3D) , whereas NK cells from nude mice lysed MICA-overexpressing cells in vitro more efficiently than the mock-transfected cells (Fig.  3E ). In addition, tumor growth of MICA overexpressing melanomas in NK cell-depleted mice was identical with the growth of control tumor cells in NK cell-sufficient mice (Fig. 3A) , confirming that NK cells are the main effector cells that control tumor growth in vivo in this experimental setting. Because ϳ2 mo after inoculation, MICA-overexpressing tumors reached the same penetrance compared with control tumors, we assessed whether MICA-overexpressing tumors might promote systemic down-regulation of NKG2D that could impair the immune response mediated by NK 
Intracellular compartmentalization of MICA in human melanoma cells
To gain insight into the mechanistic basis underlying the absence of MICA on the surface of melanoma cells, we first explored secretion of soluble MICA in melanoma cell-conditioned medium. Under our experimental conditions and detectability of our ELISA assays, we could detect no sMICA in culture cell supernatants (not shown). Also, cell surface expression of MICA was not observed when melanomas were cultured with cytochalasin B or chloroquine, indicating that a fast turnover did not account for low cell surface expression. Remarkably, none of the cell lines used secreted detectable TGF-␤, and incubation with a neutralizing anti-TGF-␤ mAb for up to 48 h was not capable of restoring cell surface MICA expression (not shown), as has been previously shown (31) .
Next, the subcellular localization of MICA was investigated by colocalization experiments and confocal microscopy ( Fig. 4A, B) . In IIB-MEL-IAN and M8 cells, we detected MICA in endosomes (EEA1), lysosomes (LAMP-2), Golgi apparatus (GM130), and the ER (calnexin). However, in IIB-MEL-LES and A375N cells, intracellular deposits of MICA were confined to the ER (colocalization with calnexin). This result was confirmed by immunoelectron microscopy (gold particles that labeled MICA were detected in association with the ER cisternae; Fig. 4C ). In addition, colocalization of MICA with calnexin was also observed in two melanoma metastases that were negative for cell surface expression of MICA (Fig. 4D) .
To determine whether point mutations or allele association could be responsible of abnormal intracellular retention of MICA, we sequenced the MICA mRNA derived from the 10 melanoma cell lines. As shown in Table I , we could not find point mutations or allele associations with cell surface expression of MICA in the melanoma cell lines tested.
To address whether MICA retention in the ER was associated with accumulation of immature forms of MICA, we performed endoH digestions of cell lysates of IIB-MEL-LES (cells that retain MICA in the ER) and IIB-MEL-IAN (cells that express MICA on the cell surface). IIB-MEL-LES showed a marked increase in the ratio of endoHsensitive forms (immature molecules) vs endoH-resistant forms (mature molecules) of MICA when compared with IIB-MEL-IAN (Fig.  5A ), indicating that MICA transited through the Golgi and acquired resistance to endoH digestion (maturation) in IIB-MEL-IAN cells but not in IIB-MEL-LES cells. Also, MICA was found in the cytoplasm and membrane fractions of IIB-MEL-LES, A375N, and IIB-MEL-IAN cells (Fig. 5B ), although culture with the proteasome inhibitor bortezomib induced accumulation of this NKG2DL mainly in IIB-MEL-LES and A375N cells. Accordingly, cell surface expression of MICA was induced by bortezomib in melanoma cells which did not express this NKG2DL on their cell surface (IIB-MEL-LES and A375N), although it had a barely detectable effect on IIB-MEL-IAN and M8 cells (Fig. 5C) . Interestingly, the retrotranslocation of MICA from the ER to the cytosol did not apparently involve the Sec61 channel as transient transfection of IIB-MEL-LES and IIB-MEL-IAN cells with a bicistronic plasmid encoding EGFP and p97 (a regulator of Sec61) or its DN form, DN p97 (30), did not lead to increased expression of MICA on the cell surface of EGFP ϩ cells transfected with the plasmid encoding WT p97 compared with cells transfected with the plasmid encoding DN p97 or EGFP Ϫ cells (not transfected; not shown).
Discussion
Here we investigated cell surface expression of NKG2DLs on human melanomas and found that some cell lines and metastases do not express MICA on the cell surface but still store an intracellular pool of this NKG2DL. Expression of MICA was also observed in one primary melanoma but not on benign nevi (M. B. Fuertes, unpublished observations). A careful phenotypical evaluation showed a substantial heterogeneity in the expression of other NKG2DLs (ULBP-1, -2, and -3) and of classical and nonclassical (HLA-E) HLA molecules by the melanoma cell lines. NK cellmediated cytotoxicity against them correlated with the ratio of NKG2DL to HLA class I molecules, but not with the overall amounts of NKG2DL or MICA, thus confirming the tight regulation of NK cell-mediated cytotoxicity upon engagement of activation and inhibitory receptors (2-5, 16). Melanomas with low NKG2DL:HLA ratio such as IIB-MEL-LES and A375N were highly resistant to NK cell-mediated lysis due to lack of expression of MICA on the cell surface despite the existence of intracellular deposits of this NKG2DL. Therefore, we hypothesized that intracellular retention of MICA may constitute a novel mechanisms by which tumor cells evade NK cell-mediated cytotoxicity. Remarkably, under our experimental conditions, proteolytic shedding of MICA (21, 22) or TGF-␤-mediated modulation (31) did not seem to be involved in down-regulation of MICA from the cell surface, suggesting that an alternative mechanism might contribute to this effect. The lack of correlation between the in vitro susceptibility to NK cell-mediated cytotoxicity and expression of NKG2DLs could also be due to the fact that some melanomas may express low amounts of ligands for other NK cell-activating receptors different from NKG2D.
Notably, transfection-mediated expression of MICA in IIB-MEL-LES cells restored its cell surface expression and triggered NKG2D-dependent NK cell-mediated cytotoxicity and induced IFN-␥ secretion. This effect was directly mediated by MICA and was not due to up-regulation of ULBPs or HLA-E as a consequence of the transfection procedure, which might potentially provide a MICA-derived peptide that may stabilize HLA-E and allow recognition by CD94/NKG2C. Strikingly, successful surface expression of MICA*001 on IIB-MEL-LES cells by transfection indicates that one of its endogenous alleles can be efficiently expressed on the cell surface by ectopic gene transfer, bypassing the inherent ability of this cell to retain MICA inside the cell. This observation is compatible with the existence of a chaperone that could be involved in intracellular retention, which would probably become saturated when MICA is overexpressed using a plasmid that drives expression of this NKG2DL under the control of the SV40 promoter. This situation would be comparable with that described for Erd2, a receptor that retains KDEL sequence-carrying proteins in the ER until it becomes saturated (32) .
In vivo, MICA overexpressing clones exhibited NK cell-dependent delayed growth and increased apoptosis, and this effect was mirrored by in vitro cytotoxicity mediated by mouse NK cells. These results indicate that mouse NKG2D recognizes human MICA, as has been demonstrated (20) . Overexpression of MICA has been shown to delay the growth of gliomas in nude mice but in those experiments, outgrowing tumors lost MICA expression most likely due to in vivo selection because such tumors were not cloned (12) . In our experimental setting, we observed that clones stably conserved cell surface expression of MICA at stages of tumor outgrowth. Although results obtained with clones should be interpreted cautiously, tumors overexpressing MICA appear to overcome NK cell-mediated effector mechanisms most likely by exploiting other tumor-immune escape mechanisms (13) (14) (15) (16) . For example, metalloprotease-induced shedding of sMICA which promotes systemic down-regulation of NKG2D has been shown to contribute to escape of certain tumors (21, 22) . We observed systemic down-regulation of NKG2D in spleen-derived NK cells from mice challenged with tumors that overexpressed MICA, which presumably could be due to the release of sMICA. Also, tumor outgrowth of MICA-overexpressing vs control tumors observed in our experimental setting could be due to the absence of a T cell-mediated immune response because our experiments were performed in nude mice. Hence, up-regulation of MICA expression on tumor cells by ectopic gene transfer may be an efficient approach to trigger a NK-cell mediated response which is sufficient to control early tumor growth in vivo, even for tumors that developed a machinery to retain this NKG2DL inside the cell.
Here we demonstrated that MICA was retained in the ER but not due to point mutations that might have generated ER retention sequences such as the KDEL, KEDL, or related motifs for ER retention (32) (33) (34) (35) (36) . In addition, none of the cells used in our experiments expressed the unstable MICA*010 protein (37). Conversely, they encoded alleles expressed at high levels on the cell surface of other cells (22, 24, 38, 39 and M. B. Fuertes, unpublished observations), confirming that retention in the ER was not due to intrinsic features of the MICA polypeptide. The detected M r of MICA was similar in all melanomas, which suggests that oligosaccharide addition to the polypeptide takes place mainly in the ER (40) . A retrograde transport of MICA from the Golgi to the ER seems unlikely because we could not detect colocalization with the cis-Golgi marker GM130 in IIB-MEL-LES and A375N cells. Conversely, in IIB-MEL-IAN and M8 melanoma cells, we observed localization of MICA in the Golgi apparatus, and late and early endosomes, reflecting the pool molecules in transit to the cell surface. Retention of MICA in the ER was further supported by endoH-sensitivity experiments because we observed substantial accumulation of immature forms of the MICA polypeptide in IIB-MEL-LES compared with IIB-MEL-IAN cells. In addition, MICA was translocated to the cytosol and degraded in the proteasome mainly in IIB-MEL-LES and A375N cells, whereas inhibition of the proteasome promoted accumulation and cell surface up-regulation of MICA.
Although intracellular retention of MICB, ULBP-1, and ULBP-2 in the ER and cis-Golgi has been described in fibroblasts infected with human CMV (41, 42) , no similar phenomena have been previously described in tumor cells. Such MICA dull tumor phenotype may arise during in vivo tumor growth and sculpting (13) . Moreover, the restoration of cell surface expression of MICA by bortezomib suggests that chemotherapy strategies using this compound may indirectly promote up-regulation of MICA in tumors that retain this NKG2DL in the ER and foster NKG2D-dependent NK cell-mediated antitumor activity.
Retention of immature forms of MICA in the ER could be due to association to chaperones, posttranslational modifications induced by ER quality control machineries such as the unfolded protein response and the ER-associated degradation (43) or to an altered redox state that may affect protein stability within the ER (44) . In fact, MICA associates with specific chaperones such as ERp5, which participates in the cleavage of this NKG2DL from the cell surface of tumor cells (45) .
Intracellular retention of MICA may provide a selective advantage under immunological pressure to favor the outgrowth of tumor variants that resist NK cell-mediated functions. Such a mechanism of tumor-immune escape would not rely on metalloprotease secretion. Although it has been suggested that down-regulation of NKG2DL could contribute to tumor escape (46, 47) , the fate and subcellular localization of the NKG2DLs and the involved mechanisms remain elusive. Intracellular retention of MICA may also compromise the generation and function of Ab against MICA upon specific immunotherapy, which have been shown to have prognostic value in cancer patients (48) .
In summary, we provide the first evidence of a novel unrecognized tumor-immune escape strategy based on the accumulation of immature forms of MICA in the ER, retrotranslocation to the cytosol and proteasome-mediated degradation. This mechanism prevented tumor cell destruction and IFN-␥ secretion by NK cells and conferred immune privilege to melanoma cells. This mechanisms could be overcome by transfection-mediated gene transfer, which restored cell surface expression of MICA, promoted NK cell-mediated cytotoxicity and conferred in vivo susceptibility to apoptosis, thus contributing to delay of tumor growth in vivo. Although we used a episomal vector for overexpression of MICA, our work constitutes a step forward in the efforts of translating NKG2DL gene transfer approaches (e.g., through adenoviral-mediated gene transfer or DNA vaccines carrying the MICA gene; Ref. 19 ) for the treatment of human cancer. These approaches may also be useful for tumors that devised strategies to prevent cell surface expression of MICA due to retention in the ER.
